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C
om

bining C
onform

ational F
lexibility and C

ontinuum
 E

lectrostatics for C
alculating pK

a 's in P
roteins
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. G
unner
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aterial:  B
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SM
 I-X

: E
xperim

ental and calculated pK
a 's for residues w

ith m
easured p

K
a 's.  R

esidue nam
e is underlined if it has electrostatic interactions w

ith

another residue of m
ore than –3 ∆

pK
 units (–4.08 kcal/m

ol).  If the residue nam
e is in bold the ionized form

 has lost m
ore than 3 ∆

pK
 units of

reaction field energy (∆
∆

G
rxn  >

 4.08 kcal/m
ol).  O

nly the initial heavy atom
 conform

er in the starred protein data file is used to determ
ine if a

residue is in either category.

E
xpt: E

xperim
ental p

K
a 's: ±: R

eported error of experim
ental m

easurem
ents; n: reported H

ill coefficient value (underlined, if the n values

w
ere explicitly reported otherw

ise n w
as estim

ated from
 the shape of published titration curves). 

T
he colum

ns headed by protein data file nam
e contains the calculated p

K
a 's. E

rr: D
ifference betw

een calculated and experim
ental value.

A
bsolute errors greater than 1 pH

 unit in bold w
hile those greater than 2 pH

 units are also underlined. #: SC
C

E
: Single C

onform
ation C

ontinuum

E
lectrostatics.  A

ll other calculations obtained w
ith M

C
C

E
. *:R

epresentative calculation for this protein. §: C
alculations using N

M
R

 structures.

A
ll other coordinates obtained by x-ray crystallography. For the N

M
R

 structures the p
K

a  is the average value for the ensem
ble of structures;

R
M

SV
: R

oot-m
ean-square-variation of pK

a 's calculated for a given residue (J) in the group of n structures is  sqrt( 1n
pK

av
-

pK
J

(
) 2

J
=1 nÂ

) . A
ll

calculations carried out w
ith 0.15 M

 ionic strength and e
prot =4 except for ¶ w

here  e
prot =8  and || w

here  eprot =
20. R

M
S: root-m

ean-square error of

com
puted p

K
a 's for a given protein data file is sqrt( 1N

pK
exp -

pK
calc

(
) 2

i=1 NÂ
) w

here N
 is the num

ber of residues w
ith know

n p
K

a 's;  C
onf:

N
um

ber of conform
ers in the calculation.  Several proteins have ions that influence residue pK

a 's.  +: Ion included; –:  no ion.
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SM
 I. B

acillus am
yloliquefaciens barnase.

X
-ray structures: 1A

2P (M
artin et al., 1999) and 1B

20 (B
uckle et al., 1993) and 20 N

M
R

 structures in 1B
N

R
 (B

ycroft et al., 1991).  E
xperim

ental
p

K
a 's (O

liveberg et al., 1995).  T
he pK

a  of H
is18 (L

oew
enthal et al., 1993)
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SM
 II. B

ovine P
ancreatic T

rypsin Inhibitor .   
X

-ray structures: 4PT
I (M

arquart et al., 1983) and 20 N
M

R
 structures in 1PIT

 (B
erndt et al., 1992). E

xperim
ental pK

a 's (B
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n et al., 1976;
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arch et al., 1982)
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SM
-III. Intestinal B

ovine C
alcium

-B
inding P

rotein (C
abD

).
X

-ray structure: 3IC
B

 (Szebenyi and M
offat, 1986) and the 24 N

M
R

 structures in 1C
D

N
 (A

kke et al., 1995) have calcium
 bound (holo-enzym

e).
T

he 33 N
M

R
 structures in 1C

L
B

 (Skelton et al., 1995) do not (apo-form
).  E

xperim
ental pK

a 's (K
esvatera et al., 1996; 1999). T

he reported error
of experim

ental pK
a  values is less than 0.08.
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SM
-V

I.  R
at T

-L
ym

phocyte A
dhesion G

lycoprotein (C
D

2).
X

-ray structure 1H
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G
 (Jones et al., 1992)
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-V

.  H
en E
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hite L

ysozym
e (H

E
W

L
).

 X
-ray structures: 1B

0D
 (V

aney et al., 1996); 2L
Z

T
 (R

am
anadham

 et al., 1981), 1H
E

L
 (W

ilson et al., 1992). N
M

R
 structure 1E

8L
 (Schw

albe et
al., 2001).  E

xperim
ental data (K
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itsu and H
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aguchi, 1980; B

artik et al., 1994).  SC
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 structures in 1O
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II. B
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unoglobulin-binding dom

ain of streptococcal protein G
.

X
-ray structures 1PG

A
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allagher et al., 1994), 60 N
M

R
 structures in 1G

B
L
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ronenborn et al., 1991).  E

xperim
ental pK

a 's (K
hare et al., 1997).
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III R
ibonuclease A
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N

ase A
).

X
-ray structures 3R

N
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ow
lin et al., 1989), 7R

SA
 (W

lodaw
er et al., 1988) and the 32 N

M
R

 
structures in 2A
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S (Santoro et al., 1993).
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experim
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itzel, 
1969; 
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ase H
).

X
-ray structure: 2R

N
2 (K

atayanagi et al., 1992), 1R
N

H
 (Y

ang et al., 1990), and 1R
D

D
 (K

atayanagi et al., 1993) and 8 N
M

R
 structures in 1R

C
H

(Y
am

azaki et al., 1997). T
he experim

ental p
K

a 's (in presence or absence of M
g

+
2) are from

 (O
da et al., 1993; O

da et al., 1994).  E
xperim

ental
values that differ by m

ore than 0.2 pH
 units are bold; N
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a 's w

ith M
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+
2 are reported for H

is.  T
he reported errors assum

e that these p
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a 's are
independent of added ion.  The pK
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sp 10 are not included in the R
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S calculations. 1R
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 does not contain coordinates for residues 1-3 and
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inal 155.
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-X

.  R
ibonuclease T

1 (R
N

ase T
).

X
-ray structure: 3R

N
T

 (K
ostrew

a et al., 1989). E
xperim

ental values (Inagaki et al., 1981; M
cN

utt et al., 1990).
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I.  L
ennard-Jones param

eters (kcal/m
ol).

DG
ij non.el=

Ar 12
-

Br
6

Ê Ë Á 
ˆ ¯ ˜ . 
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alue varies for atom

 types. not-H
* are heavy atom

s other than H
, N

, C
, or O

.

Å
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here ∆
G

lj=
0 is the distance betw

een atom
 centers w

here DG
ij non.el=

0,.

E
m

in  is the energy m
inim

um
 for this atom

 pair is. 
N

o L
ennard-Jones interactions are determ

ined for atom
s in the sam

e side chain or betw
een C

A
 (in the backbone) and C

B
 (in the side chain) of the

sam
e residue.
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 SM
  X

II. R
eaction field energies (kcal/m

ol) for isolated side chains.
E

nergy for transfer from
 a m

edium
 w

ith a dielectric constant of e
prot  of 4, 8, or 20 to a solvent w

ith e=80.  ∆
∆

G
rxn,i  (in eqn. 3) is the difference

betw
een this reference value and the reaction field energy for a conform

er in the protein.  ∆
∆

G
rxn,i  is constrained to have a m

inim
um

 of 0.
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